Our aim was to analyze the outcomes of endovascular exclusion of the entire aortic arch (proximal landing in zone 0, distal landing in zone III or beyond, after Ishimaru) in which complete surgical debranching of the supra-aortic vessels (I), endovascular supra-aortic revascularization (chimney, fenestrated, or branched grafts) with partial surgical debranching (II), or total endovascular supra-aortic revascularization (III) was additionally performed.
Total aortic arch replacement remains a surgical challenge, and the use of novel endovascular-based approaches derived from the fusion of extra-anatomic supra-aortic revascularization techniques and endovascular stent graft placement has expanded rapidly during the last years, including numerous entirely endovascular therapeutic alternatives comprising fenestrated and branched grafts.
A number of large systematic reviews [1] [2] [3] [4] [5] [6] [7] published to datedmainly targeting all anatomic zones of the aortic archdrevealed an increased risk of morbidity and mortality when the entire arch was approached. Nevertheless, although a considerable number of different techniques have already been applied, a detailed analysis including risk stratification based on type of total arch repair technique is not yet available. We aimed to assess and to compare the technical details and postoperative outcomes associated with different endovascular total (proximal landingdzone 0, distal landingdzone III, after Ishimaru 8 ) aortic arch exclusion approaches in which complete surgical debranching of the supra-aortic vessels, partial endovascular supra-aortic revascularization combined with surgical debranching, or purely endovascular supra-aortic revascularization was performed.
METHODS
Literature search. The MEDLINE and Cochrane databases were searched without limitations through April 2016. The following search strings were used: "total aortic arch," or "aortic arch debranching," or "aortic arch rerouting," or "endovascular aortic arch treatment," or "fenestrations aortic arch," or "branched stent aortic arch," or "chimney aortic arch." The reference lists of all retrieved articles were reviewed for further identification of potentially relevant studies.
Selection criteria. All titles and abstracts were screened for relevance based on the following specific predefined criteria: (1) all or some of the patients described in the publication received endovascular exclusion of the entire aortic arch; (2) revascularization of the supra-aortic branches was achieved through either entire surgical rerouting or total or partial endovascular approaches; (3) detailed descriptions of the supra-aortic revascularization technique and type of endovascular exclusion were presented; and (4) outcomes in terms of ischemic complications, procedural and surgical complications, disease progression, endoleak incidence, and mortality were available for the patients who had undergone total aortic arch exclusion.
Studies eligible for inclusion in this systematic review included prospective and retrospective clinical studies, case reports, and case series. When institutions published duplicate studies with an accumulating number of patients or increased length of follow-up, only the most complete reports were included in the quantitative assessment. Conference presentations, editorials, expert opinions, and review articles were excluded.
If studies provided a number of site-specific partial aortic arch endovascular exclusion outcomes (zone II, zone I, zone 0), only the relevant subgroups (zone 0 with endovascular exclusion of the entire aortic arch) were included.
Data extraction. The following data were extracted from each study: first author, year of publication, total number of patients described, study period, American Society of Anesthesiologists classification or European System for Cardiac Operative Risk Evaluation (Euro-SCORE) value, 9 type of disease, follow-up period, and number of patients eligible for inclusion in this review. All original data for patients who had undergone total aortic arch stenting and supra-aortic revascularization were extracted from the article text, tables, and figures and included in an Excel spreadsheet as follows (the percentages of the studies in which the criteria could be identified and extracted are expressed in parentheses after each variable): (1) information on supra-aortic revascularization: type of anesthesia (100%), type of supra-aortic revascularization (100%), method of access (100%), approach to the left subclavian artery (LSA; 100%), previous aortic surgery (100%), additional concomitant surgery (100%), ascending aorta (native, replaced, or banded; 100%), and circulatory support (100%); (2) information on endovascular exclusion of the aortic arch: type of anesthesia (100%), method of access (100%), direction of stenting (100%), number of procedural stages (100%), type of blood flow cessation (89.32%), and length of proximal sealing (82.46%); and (3) outcomes: retrograde dissection (100%), surgical conversion (100%), cerebral and peripheral ischemic events (100%), surgical access complications (91.22%), surgical revision (100%), conversion to open surgery (100%), endoleak type Ia (64.44%), endoleak type II (64.44%), aneurysm growth (64.44%), reintervention (64.44%), mortality at 30 days (100%), and mortality at the end of follow-up (64.44%).
As depicted in Supplementary Table I (online only) , five different tools have been used for the description of the surgical technique and allowed flawless reproduction: (1) text description, (2) schematic drawing, (3) intraoperative photography, (4) postoperative three-dimensional reconstruction of computed tomography scan including magnetic resonance imaging in one publication, and (5) postoperative angiography.
Statistical analysis. In this systematic review, characteristics and outcomes were extracted from the Excel spreadsheet and compared using Pearson, Fisher exact, and c 2 tests. Post hoc power analysis for early mortality was performed from an initial cohort of 702 patients. For a power of 80%, the necessary sample size was determined at 198 for each group. Because of different midterm follow-up periods only partially reporting on outcome characteristics, post hoc analysis was performed to determine whether comparison was sufficiently powered to detect a small (20%), medium (50%), and large (80%) effect size for each parameter. Sufficient power (1 À b) was considered to be 80%, and a two-tailed test was performed with an a value of .05.
Correlations were calculated using Spearman correlation coefficients for relevant subgroups (n > 8 patients). Statistical significance was defined at the level of P < .05, and all values were two sided. Calculations and statistical analyses were performed using OriginPro (OriginLab Corp, Northampton, Mass) and SPSS software (IBM Corp, Armonk, NY).
RESULTS

Study selection
A total of 1971 studies were searched with matching keywords. The initial selection criteria were met by 1599 studies. After application of the inclusion criteria, 242 publications were selected, and their full texts were assessed. After application of the exclusion criteria, 79 eligible publications remained. Adequate data descriptions for eligible subgroups were identified in 53 studies, including data for 1853 patients, among whom only 1021 patients received endovascular exclusion of the entire aortic arch. A flow chart of the selection process is presented in Fig 1. Descriptive characteristics of the eligible studies are outlined in Table I .
Revascularization of the supra-aortic branches
Of the 1021 patients analyzed, 429 (group I) had undergone total surgical supra-aortic debranching (Fig 2) , 190 (group II) had undergone partial endovascular supraaortic revascularization combined with surgical debranching ( Figs 3 and 4) , and 402 (group III) had undergone purely endovascular supra-aortic revascularization (Fig 5) . From the 35 different types of supra-aortic revascularization techniques, 11 (group I) were identified as total surgical debranching (Fig 2) , 16 (group II) as partial endovascular revascularization (Figs 3 and 4) , and 8 (group III) as total endovascular revascularization (Fig 5) . Trifurcated grafts (Fig 2, b) , bifurcated grafts with left carotid reimplantation (Fig 2, d) , and bifurcated grafts (Fig 2, k) were the most commonly used rerouting techniques for total surgical supra-aortic revascularization. Partial endovascular supra-aortic revascularization was most frequently achieved by chimney stenting of the innominate artery in conjunction with axillo-axillary bypass of the left carotid artery (Fig 3, c) , branched or fenestrated stenting of the innominate and left carotid artery in conjunction with carotid-left subclavian bypass (Figs 3, g and 4, e, respectively), or aorto-innominate octopus bypass in conjunction with trifurcation stenting of the three supra-aortic branches (Fig 4, a) . Double fenestrations (Fig 5, c) , triple fenestrations (Fig 5, d) , and common fenestration of the innominate and left carotid artery in conjunction with a branch stenting of the LSA (Fig 5, e) and the double chimney technique (Fig 5, a) were most frequently used for total endovascular supra-aortic revascularization.
General characteristics of these supra-aortic revascularization procedures are presented in Table II . A sternotomy was used in 83% of the patients who underwent total surgical supra-aortic debranching. Cervical exposure was required in 96.3% of patients who underwent partial endovascular revascularization, and inguinal cutdown was most frequently used for total endovascular supra-aortic revascularization (98.3%).
General anesthesia was almost always required for supra-aortic revascularization (99.7%). However, circulatory support and circulatory arrest remained hallmarks of surgical debranching (29.1% and 9.1%, respectively), being mostly required during additional cardiac (11.9%) or aortic surgery (18.9%) and as safety measures during redo sternotomies. Extension of the disease Total surgical debranching revascularizations have been used in the treatment of both aneurysm and dissection mainly involving the proximal aortic arch (61.1% vs 38.9%; P < .001), whereas total endovascular procedures were mostly applied for aneurysmal disease of the distal aortic arch (89.3% vs 10.1%; P < .0001; Table III ). Management of the LSA The frequency of LSA revascularization (Table III) was highest in group II (92.1%) and lowest in group III (25.9%; P < .0001), altogether being performed in 53.3% of the entire cohort of patients.
Endovascular exclusion of the aortic arch
Characteristics of the evaluated endovascular exclusion of the aortic arch approaches are listed in Table IV . One-stage procedures were used in 72.4% of cases. General anesthesia was required in 92.2% of cases, and >60% of aortic arch stents were placed through open inguinal access. Antegrade stent deployment was performed in 39.4% of patients in the total debranching group and only 4.2% of patients in the partial debranching group.
Blood flow cessation was achieved through nitroprusside administration in 11.2% of all cases. Cardiopulmonary bypass and passive bypass were used in 23.1% of the total debranching cases.
Proximal sealing zone
Long proximal sealing zone (>25 mm) was identified in 80.9% of patients undergoing surgical debranching, whereas a short proximal sealing zone (#25 mm) was described in 90.8% of patients receiving total endovascular repair (P < .0001; Table III ).
Follow-up outcomes
As revealed in Table I , follow-up was provided in 50 of the 53 publications. From the total of 1021 patients, 363 patients 33 were followed up only for 30 days; 24 patients representing 3.6% of the 658 patients followed up longer than 30 days were lost to follow-up. Follow-up intervals were comparable among the three main research cohorts (Supplementary Table II , online only); however, the power of several outcome characteristics and of midterm mortality was reduced because of the smaller cohort at follow-up (Tables IV and V) .
Postoperative outcome
Postoperative data are presented in Table V . Type Ia endoleak. Type Ia endoleak was identified more often (P ¼ .02) in the groups of partial and total endovascular supra-aortic revascularization than in the surgical debranching group. However, replacement or banding of the ascending aorta did not appear to influence the incidence of type Ia endoleaks. A long proximal aortic sealing zone was associated with a reduced incidence of type Ia endoleaks in patients receiving total endovascular supra-aortic revascularization (0% vs 14.8%; P < .05) but had no effect on endoleak incidence in the groups receiving surgical debranching (4.9% vs 5.4% and 11.2% vs 15.8%). However, short proximal aortic sealing zone was associated with a significantly higher incidence of type Ia endoleaks in patients who underwent partial and total endovascular revascularization (15.8% and 14.8%) than in the total surgical revascularization group (5.4%; P ¼ .038).
Type II endoleak. The incidence of type II endoleaks did not differ among the groups. Coverage or rerouting of the LSA origin reduced the incidence of type II endoleaks in all groups. However, significance was achieved only in the total surgical revascularization group (11.5% vs 5.3%; P < .05).
Ischemic insult. A lower incidence of cerebral ischemia was observed in the total endovascular revascularization group (1.7%) than in the other two groups (7.5% and 11.1%; P ¼ .0001; 1 À b ¼ 98.0%). In addition, cerebral ischemia seemed strongly related to the incidence of surgical revascularization of the LSA (11.4% and 9.8% vs 0.9%; P ¼ .0071; 1 À b ¼ 92.9%). Similarly low incidence rates of visceral, hand, and spinal cord ischemia were observed in all groups.
Disease progression. Aneurysm growths were identified more often in the total endovascular supra-aortic revascularization group (P ¼ .004) than in the other two groups. Conversely, retrograde type A aortic dissection was more common in the total surgical debranching group (3.3%) than in the other two groups (1.1% and 1.2%); however, these differences did not reach the level of significance (P ¼ .068). Specifically, among the 322 patients with native aorta who were treated with surgical debranching (group I), 13 patients developed late retrograde type A dissections, whereas among the 107 patients with replaced or banded ascending aortas, only 1 patient developed a retrograde type A dissection; however, this difference was not statistically significant (P ¼ .129).
Surgical complications and redo procedures. Bleeding occurred more often in the total surgical 
Mortality
Early mortality was higher in group I compared with groups II and III (P ¼ .001; 1 À b ¼ 95.6%) and was not influenced by additional aortic or cardiac surgery (Table VI) . In contrast, when total aortic arch stenting was performed for zone 0 disease, early mortality was higher in group III (18.6%) and group II (14.0%) than in group I (8.0%), reaching the level of significance despite the low case number in group III (P ¼ .044; 1 À b ¼ 57.4%).
Moreover, both early and midterm mortality was higher in all subgroups treated for zone 0 disease than in the corresponding subgroups treated for zone I to zone III disease. However, midterm mortality was characterized by low post hoc power.
Preservation of the LSA did not influence early or midterm mortality.
Influence of type of procedure on outcome
The outcome of the relevant types of techniques is depicted in Fig 6 . Correlation coefficients were calculated using data from 17 major subgroups (n > 8). Moderate positive but weak linear relationships between cerebral ischemia and early mortality, the incidence of endoleak type Ia and late mortality, the incidence of endoleak type II and reintervention, the incidence of surgical revision and surgical complications, and the incidence of aneurysm growth and midterm mortality were identified, and relationships are presented in Fig 7. 
DISCUSSION
Stenting of the entire aortic arch represents a crucial advancement in the treatment of high-risk patients who are deemed unfit for open surgical replacement.
Our analyses of the methods of supra-aortic revascularization necessary for endovascular aortic arch exclusion revealed that total or partial endovascular treatment of supra-aortic branches was preferentially performed for diseases involving the distal aortic arch, whereas surgical debranching was the option of choice for aortic arch disease extended into zone 0. Moreover, whereas surgical debranching was equally applied for both aortic aneurysms and dissections, endovascular supra-aortic revascularization was particularly used in the treatment of aneurysm (Table III) .
As depicted in Table I , patients with diseased aortic arches selected to undergo hybrid or endovascular repair represented a high-risk cohort of patients, which was evidenced by a high proportion of patients with American Society of Anesthesiologists class 3 or 4 and an expected in-hospital mortality rate between 10% and 33%, as indicated by the EuroSCORE II scoring method. Because most of the studies included in the analyses were reporting on cohorts of patients receiving therapy for different segments of the aortic arch (zone 0, I, or II after Ishimaru), it was not possible to clearly identify the comorbidities of the subgroups of patients receiving total aortic arch repair; however, the present information can give a subjective guidance regarding the operability and multimorbidity of the entire cohort of patients receiving treatment, and we are inclined to believe that all these patients were deemed unfit for open surgical repair. Surprisingly, disease extension within the aortic arch differed between the groups and strongly influenced early mortality of patients receiving endovascular debranching. Thus, an analysis of data by technique (Figs 2-5 ) unveils significantly higher early mortality rates of groups II and III for aortic arch disease involving zone 0. In contrast, when entire aortic arch exclusion was performed for the treatment of a diseased distal aortic arch (zones I-III), endovascular supra-aortic revascularization was associated with significantly lower early mortality.
It seems that reasonable outcomes after endovascular aortic arch exclusion may be achieved when operations and interventions are tailored to the patient's anatomy and comorbid status. However, important limitations to the application of both surgical debranching and endovascular supra-aortic revascularization are revealed and warrant discussion.
Although prosthetic replacement of the supra-aortic branches provides a robust repair, this robustness comes at the expense of a more complex operation associated with a greater risk of cerebral ischemia, distal embolization and bleeding, coagulopathy associated with more intense anticoagulation, and increased early mortality. In our analysis of the major subgroups (n > 8), cerebral ischemia was found to be correlated with early mortality (Fig 7) , whereas surgical revision was not. Therefore, even if a future reduction in surgical complications might be associated with reduced procedure-related morbidity, it will not obligatorily improve survival, except in cases in which simultaneous reduction of cerebral ischemia is also achieved.
In addition, a large degree of heterogeneity between the relevant subgroups was observed and showed that neither mortality nor cerebral ischemia was significantly affected by the type of surgical debranching procedure used (Fig 6) .
However, all entire surgical debranching procedures for total arch exclusion require anastomosis of the debranching graft and the proximal stent graft landing zone to be located in the diseased and sometimes aneurysmal ascending aorta. According to the European Registry of Endovascular Aortic Repair Complications, 63 the rate of acute retrograde type A dissection, a devastating complication, may be as high as 6%, and this complication has been associated with a mortality rate of 42%. Nevertheless, Czerny et al 18 reported an overall rate of acute retrograde type A dissection of 7.6% and suggested that the rate of this complication in patients with native aortas was likely to be at least as high as 10.8%. However, both the Registry and the study conducted by Czerny reported cumulative outcomes for different repair zones of the aortic arch. Surprisingly, in this study, the overall incidence rates of retrograde type A dissection were 3% in the surgical debranching group and 3.4% in patients with native ascending aortas. The large number of alternative approaches analyzed in our series allowed us to address this issue: replaced and banded ascending aortas were associated with a reduced overall incidence of retrograde type A dissection in the surgical debranching group. However, this difference did not reach the level of significance (P ¼ .789), nor were replaced and banded ascending aortas associated with improved outcomes compared with the other two major groups (Table V) .
This novel finding could be explained not only by the long proximal aortic necks of at least 2 cm that were reported in all the analyzed studies included in group I 12,29,41,54 but also by a reported stent oversizing degree of 20% to 30% and replacement or banding of the ascending aorta in patients with critical aortic dilation, all of which may be important for stable deployment of aortic stent grafts. More surprisingly, concomitant cardiac or ascending aortic surgery was associated with slightly increased early mortality. Endovascular revascularization techniques that avoid sternotomy and surgical involvement of the ascending aorta and its branches have the potential to decrease bleeding complications and the risk of cerebral ischemia (Table V; Fig 6) . Previous reports 64, 65 have concluded that partial and total endovascular aortic arch repair techniques in conjunction with the use of fenestrated or branched endografts or chimney grafts have tended to be associated with improved results and, ultimately, may replace zone 0 hybrid arch operations if the incidence of retrograde type A dissection is reduced. Alternatively, the results of this study demonstrated that the rate of retrograde type A dissections was not significantly improved by endovascular approaches (P ¼ .185), and retrograde type A dissections may occur at similar rates whenever endografts are placed within the ascending aorta despite the avoidance of aortic clamping and arch debranching. Surprisingly, group I was characterized by lower incidence of type Ia endoleak. It seems that surgical debranching techniques move the origin of the supraaortic branches closer to the aortic root and thus offer a longer segment of ascending aorta for sealing; in addition, surgical debranching of the entire aortic arch requires at least hemisternotomy, which exposes the ascending aorta and allows immediate correction (such as ascending replacement or banding) whenever relevant dilation is present. Therefore, the rate of type Ia endoleak in the subgroups with neck >25 mm and neck #25 mm among the 429 patients receiving total surgical debranching was 4.9% and 5.4% respectively, and this difference was not significantly different. Conversely, required aortic correction could not be fulfilled during partial and total endovascular revascularization (groups II and III), thus increasing the incidence of type Ia endoleak in these groups (Table V) . Last but not least, the aortic arch motion concomitant with the cardiac cycle might play an important role in the development of type Ia endoleak. This "shaking" movement is attenuated in a dilated ascending aorta and dilated aortic arch, which are more stable ingrowths into the surrounding tissues. Subsequently, the motion of the healthy ascending aortas mainly assessed in groups II and III (Table III) is considerably stronger that the motion of dilated ascending aortas more often seen in group I, potentially resulting is a more pronounced development of type Ia endoleak in groups II and III.
Furthermore, different from previous studies 46,47 that have implied that the main cause of mortality associated with the chimney graft technique was stroke, the main technical problem associated with the chimney technique (Fig 5, a) in our analyses appeared to be the risk of type Ia endoleaks through the gutters between the main aortic and the parallel graft (Fig 6) . Adequate thoracic graft oversizing and use of the kissing balloon technique can minimize gutter formation; however, Mangialardi et al 47 ultimately reported that even if chimneys offer better aortic stent stability, they do not, in actuality, increase the proximal sealing zone. This idea is convincingly reflected by our findings (Table VI) , which showed that when total endovascular approaches were employed, an aortic neck length of at least 25 mm was necessary to significantly reduce the incidence of type Ia endoleaks (from 14.8% to 0%; P < .001). Therefore, the incidence rates of type Ia and type II endoleaks identified in our analyses (Table VI) were much lower than the previously reported incidence rates of 15% to 30% 30, 63 ;
however, for chimney techniques, the incidence of endoleaks and need for reintervention remained substantial (Fig 6) . Several previous studies 66, 67 revealed that coverage of the LSA without ligation, coiling, or rerouting is responsible for 96.7% of type II endoleaks, whereas backbleeding from the intercostal arteries is responsible for only 6%. Because our study is focusing on endovascular treatment of the aortic arch, the type II endoleak is supposed to occur in the arch, where the main substrate is given by origin of the LSA. We believe that type II endoleak caused by intercostal backbleeding arising distal from the origin of the LSA would anatomically account only for an irrelevant proportion of type II endoleak in the aortic arch. Whereas LSA revascularization significantly reduced the occurrence of type II Correlations between outcome parameters. Significant albeit weak correlations as well as relevant nonsignificant correlations between outcome parameters are presented. Outcome percentages of the 17 relevant procedural subgroups (n > 8) were included in the analyses. P < .05 is statistically significant. endoleak in all groups, surgical rerouting of the LSA increased the incidence of cerebral ischemic events that further correlated with early mortality (Fig 7) . Because type II endoleaks could be treated by reintervention without sequelae, it remains questionable whether LSA revascularization, which did not improve early survival, should always be offered during entire arch exclusion. Nonetheless, gutter-related type Ia endoleaks after chimney grafts and the risk of embolic stroke associated with upper extremity arterial access were major issues identified by Haulon et al. 23 They showed enhanced sealing and a very low incidence of type Ia endoleaks to be associated with the inner branch technique, however, without any improvement of stroke, which seemed related not only to the surgical revascularization of the LSA but also to any kind of surgical or endovascular handling involving the supra-aortic branches. The lower incidence of cerebral ischemia in group III of our study might be related to the almost exclusive use of fenestrated stents in this group (Fig 5) , which avoids direct intraluminal contact in the supra-aortic branches and, as a result, is associated with reduced risk for cerebral embolization. Although the study cohort that underwent purely endovascular procedures was small at follow-up, our results suggested that aortic expansion occurred at an even higher rate when chimney, branched, or fenestrated techniques were used, resulting in relevant aneurysm growth that strongly correlated with midterm mortality (Fig 7) . Furthermore, our findings suggest that when fenestrated devices are used (Figs 4, f, and 5, c and d), the possibility of loss of alignment during follow-up may be associated with late aneurysm growth (Fig 6) . Lu et al 34 tested the combination of a fenestration technique and a branched stent graft not only to address complicated aortic arch diseases but also to reduce the risk of secondary fenestration displacement. In accordance, the outcomes associated with this technique in our study (Fig 5, e) showed not only decreased aneurysm growth but also a lower incidence of secondary endoleaks and cerebral ischemia compared with purely fenestrated techniques (Fig 5, c and d) . However, safe anchoring of the stent in the distal segment of the ascending aorta seemed to be associated with increased risk of late retrograde type A dissections in this subgroup (Fig 6) . Therefore, endoleaks and subsequent disease progression seem to remain attributes of endovascular supra-aortic repair. Nevertheless, the results of this study relating to the use of partial and total endovascular approaches for exclusion of the entire aortic arch provide an optimistic view of these novel techniques. These are approaches that address both acute and chronic diffuse arch diseases and could be performed with low rates of associated perioperative morbidity and mortality and rates of stent complications and endovascular reintervention that are comparable to those observed in association with larger hybrid arch repair. However, this study was limited by the constraints of sample size at follow-up, which prevented the comparison of findings between procedures and precluded the use of multivariable statistics for risk factor analysis.
CONCLUSIONS
Endovascular-based approaches proved to be feasible alternatives to hybrid surgical procedures, especially when they were performed for aneurysms located in the distal aortic arch.
Whereas cerebral ischemia and higher early mortality accompany surgical involvement, endoleaks and aneurysm growth remain hallmarks of endovascular supraaortic repair. Because surgical revision was found to have no impact on mortality, complete surgical debranching emerges as a viable alternative to open surgical aortic arch replacement and may become the procedure of choice for patients with a good life expectancy suffering from proximal aortic arch disease, whereas total endovascular procedures could be particularly advantageous for use in patients with a short life expectancy and distal aortic arch disease.
Then again, it is still debatable whether surgical LSA revascularization, which did not improve early survival, should always be offered during entire aortic arch exclusion. 
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